Abstract-This paper presents the vision and some early results achieved by the EU-funded SPEED-5G project which is part of 5G PPP [I]. It addresses some key challenges of future 5G 23 systems, i.e. a 1000 times higher capacity, a much lower latency 24 and a much improved user quality of experience compared to 
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Requirements for 5G systems refer to 1000 times more 40 capacity [2] , 1 ms maximal latency, seamless connectivity moving among different access technologies and the highest 41 possible Quality of Experience (QoE) for users. To meet those 42 targets, new big operational and infrastructure investments are 43 required. Unfortunately revenues are not growing at the same 44 rate as costs, as average revenue per user is expected to remain 45 at best constant in mature markets. Moreover the current lack 46 of dynamic control across wireless network resources is 47 leading to unbalanced spectrum loads and a perceived capacity 48 bottleneck. To serve the ever increasing traffic demands at the 49 right price, a major challenge for future networks is thus to 50 map various types of traffic and Quality of Service (QoS) 51 requirements across the most appropriate radio technologies 52 and spectrum bands, taking into consideration a bigger number 53 of licensing schemes than the currently deployed networks. The above mentioned issues are being addressed by the EU-funded collaborative research project SPEED-5G [3] and this paper elaborates on its main results achieved so far. SPEED-5G's main objective is to achieve a significantly better exploitation of heterogeneous wireless technologies, providing higher capacity together with the ultra-densification of cellular technology, and effectively supporting the new 5G QoE requirements. In fact, SPEED-5G's activities focus along three main dimensions, as shown in Fig. 1: i. ii. iii.
ultra-densification through small cells, additional spectrum, exploitation of resources across technologies. This three dimensional model in the rest of the paper is referred to as extended Dynamic Spectrum Access (eDSA). eDSA implies that several spectrum bands, cells and technologies are jointly managed in order to offer improved QoE and a tremendous capacity increase in a cost-efficient manner. loT silo The rest of the paper is organised as follows: Section 2 defmes four key use cases for 5G systems and derives requirements based on the chosen Key Perfonnance Indicators (KPls). Section 3 details the proposed novel 5G system architecture. Section 4 introduces the novel MAC layer, which facilitates the exploitation of Multi-RA T, and finally Section 5 draws the conclusions and hints at the next steps of the project.
II. SPEED-5G SELECTED USE CASES
SPEED-5G focuses on developing novel solutions for 5G technology trends and requirements [4] . Specifically, SPEED-5G investigates indoor and indoor/ outdoor scenarios (around buildings) where capacity demands are the highest, but also where eDSA will be the most effective approach at exploiting co-operation across technologies and bands. Moreover, the project uses as reference a revised subset of the use cases proposed by NGMN [5] and the METIS project [6] . Fig. 2 depicts the four selected use cases which cover the main 3GPPINGMN services such as Massive loT communications, evolved Mobile Broadband (eMBB), UJtra Reliable Communications (URC) and High-speed mobility. 
Massive loT communications
Compared to the previous generations of networks, the Internet of Things (loT) paradigm will have a major role in 5G networks. As pointed out by numerous white papers, one of the main objectives of 5G is a seamless integration of loT at the early stage of the 5G network architecture design. New medium access strategies are to be considered in order to deal with the typical fragmented spectrum at low frequencies below 6 GHz. Supporting grant-free transmissions can drastically simplify the signalling processing overhead, reducing the power consumption as well.
In this use case devices are located in indoor or outdoor locations, connected to small cells and/or to macro cells, depending on the availability. Small cells can be connected to the network of the operator using either a broadband wired link or a radio link that implements a backhaul connection to the evolved-NodeB (eNB), carrying both data and signalling.
B. Evolved Mobile Broadband (eMBB)
This use case focuses on a mixture of domestic, enterprise and public access outdoor and indoor environments located in a densely populated urban area, such as a block of apartments, a square with shops or a recreation park. In this use case, a massive deployment of small cells provides a uniform broadband experience to users demanding high data rate and 2 very low latency for the provisioning of applications such as high resolution multimedia streaming, gaming, video calling, and high-bandwidth cloud services. Moreover, pedestrian users moving from indoor to outdoor environments and vice versa need to be supported. Finally, an additional challenge is related to the efficient usage of heterogeneous backhaul technologies, ranging from XDSL and fibre to millimetre wave connections, used to transport data towards the cells.
In order to meet the 5G requirements on this use case, new MAC and RRM mechanisms are required for an efficient usage of the available spectrum and for supporting multiple radio access technologies (RAT). Spectrum would encompass licensed, lightly licensed (i.e. licensed but on a non-exclusive basis) and unlicensed spectrum. At the same time, this extreme resource reuse may create a rather high level of interference among terminals and between terminals and base stations (BS), thus requiring a flexible and enhanced level of coordination to improve the overall network performance.
C.
Ultra-Reliable Communications (URC)
URC methods are intended to enable high degrees of network availability, with guarantees on performance metrics such as latency. SPEED-5G works towards scalable solutions for networks supporting services that will meet the extreme 5G requirements on availability and reliability.
The reliability and latency of past communication systems were designed with the human user in mind, but future wireless systems will have to support new applications based on machine-to-machine and loT communications with real time constraints, enabling new functionalities e.g. for traffic safety, traffic efficiency or mission-critical control for industrial and military applications. These new applications will require a much higher reliability and lower latency than today's systems. An example of such application is the monitoring of electricity grids, where shut-down in the case of malfunctions may be required in the time-scale of a few milliseconds.
D. High-speed mobility
High-speed mobility is a challenging use case for 5G. SPEED-5G does not aim to serve high-speed trains, but rather focuses on high-speed mobility cars, e.g. when driving on highways. The GSMA in a recent article [7] claims that "Automated and connected driving will be a pillar of Europe's industrial renaissance".
In this context SPEED-5G is interested in providing performance evaluation of such use case in order to demonstrate the benefits of the proposed new solutions, e.g. a new allocation of radio resources, in high-mobility environments where broadband communications are targeted. III. SPEED-5G ARCHITECTURE 5G technology requirements demand a flexible, scalable and efficient architecture since only the essential entities are to be deployed based on the actual end user needs. In fact end user demands are not static and the deployed architecture has to be changed by adding/updating/removing network entities. The SPEED-5G proposed architecture (Fig. 3) follows the most recent software trends, where traditional networks are replaced by logical networks deployed over slices [8] . The novel slice concept is based on deploying logical elements that can easily be defined, modified and started-up thanks to the principles of Software-Defmed Networks (SDN) [9] , Network Function Virtualization (NFV) [10] and Software Defmed Radio (SDR) [11] . The final operator's network will be composed of a set of multiple slices covering different end user demands. Even if the slice concept is perfectly defined, the mobile network operators have not reached an agreement about its main goal, neither how to share physical resources using the slice concept. Currently, two main approaches are being discussed: The fust one defmes that a slice has to cover a 3 Mostly low, but variable �2000/km 2
Highly variable specific network services like loT or eMBB, consequently one slice may support several services. The second approach considers that a network is a union of slices, each one covering only a specific service.
In any case, and based on the previously identified use cases, the proposed architecture reduces the control signalling, improves throughput, reduces latency for supporting real time services, enhances spectrum access without interfering with other systems, and finally provides flexibility, scalability and an easy interconnectivity with other networks. Fig. 4 shows a specific Speed-5G network slice deployment for the eMBB use case, based on the proposed architecture. In this deployment, the slicing approach is one slice with a complete logical network. Nevertheless, the proposed architecture is flexible enough to take another approach and provide a complete slice per eMBB service.
The proposed slice is composed of the following logical associations: the Edge Orchestrator, the Central Core, the Control and User Data Plane, the Cell and the User Equipment. 
Edge Orchestrator
It provides the automated arrangement, coordination, and management for SDNINFV systems supporting flexibility, scalability, and service-oriented management coordinating between slices and between logical entities inside each slice.
• SG Network Orchestrator: based on NFV, it refers to the software configuration, selection and allocation of network functions in a configurable protocol stack. • 5G controller: based on SDN, it provides the APIs between all the network elements inside the slice and among the external slices.
B. Central Core
It contains the functions performed by the core entities as the Control Gateway (GW), the Data Gateway, the Packet Data Network (PDN) GW or the Home Subscriber Server (HSS).
C.
Control and User Data Plane
It contains all the logical entities dedicated to control and user data management:
• Centralized RRM (cRRM): it implements, in a centralized way, strategies and algorithms for mobility and link management, controlling parameters such as available operating bands, allowed resource allocation techniques, transmit power, data rates and modulation schemes for different services depending on its QoS.
• Control-Plane GW: it routes control data between cells, user equipment and core network.
• Centralized SON (cSON): it provides centralized Self Organizing Network (SON) solutions.
• Centralized KPI Collector: responsible to receive and process the KPI reports forwarded by the cells.
• Client Spectrum Manager: it is used for configuring the required spectrum measurements on the RRM.
• Local Core: it locally executes eMBMS functions for supporting eMBB scenario.
• Forwarding GW (F-GW): it provides the anchor point for the user plane, routing the data services between the core network and the user equipment through the cells.
D. Cell
It contains logical entities, based on the SDR concept, that are usually associated to a BS (2G), a NB (3G) or an eNB (4G).
• Cell Stack: based on the SDR concept and, for the eMBB use case, contains the complete cell stack. Other use cases may require a centralized stack on the Control and User Plane logical association
it executes functions that are not executed in the cRRM like user Congestion and Admission Control (CAC).
• distributed SON (dSON): it provides complementary cSON solutions ensuring high adaptability.
E. User Equipment (UE):
It contains all logical functions related to the network terminals; it can be implemented as a smartphone or a sensor.
• UE Stack: the required UE communication protocol stacks (WiFi, cellular, etc.) that allow running the needed services, in this use case the eMBB-related ones.
• Others:
all other needed architectural blocks composing the parts of the UE outside of the protocol stacks (e.g., the location procedures).
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The proposed SPEED-5G network architecture in the eMBB use case supports high data rates thanks to the used eDSA, coordinated by the Spectrum Manager and RRM. Furthermore, the end user service latency is improved due to the MBMS core functions moved into the slice that avoids extra backhaul delays.
The flexibility of the SPEED-5G architecture allows to create a slice for supporting the eMBB service when required, and destroys it when not. The scalabilty of the slicing concept of the SPEED-5G architecture allows a fast adaptation to user demands. Finally, as the architecture only deploys the required entities, it is lean and highly efficient.
IV. MULTI-RAT AND MAC TO IMPLEMENT E-DSA
For achieving the 5G target of a 1000 times increase in mobile traffic volume, Speed-5G targets a solution that relies on a combination of densification of small cells, efficient use of spectrum and exploiting multi-RAT resource management. Current resource management is applied effectively only to single technologies (e.g. L TE) but not to multi-RA T environments. At the core of the project is the defmition of a new MAC layer that facilitates multi-RAT access, and allows prioritising and allocating traffic across heterogeneous access technologies.
In literature, the main approach to exploit Multi-RAT capabilities is to exploit mechanisms that allow optimal use of heterogeneous technologies and enhanced dynamic access to diversified spectrum. However, most 5G developments seem to follow an incremental approach, building on evolutions of 3GPP standards. Opportunities to better exploit the available approaches in heterogeneous wireless technology (e.g. smart offload) or more dynamic access to spectrum are not effectively addressed.
Standardisation groups like IEEE 802.l9 [12] address coexistence of multi-RAT unlicensed technologies, but coordination across and an extension into licensed technologies has not been addressed so far. For example, the coexistence between IEEE 802.x and L TE-U is still an open topic. Research has defined general frameworks to classify scenarios [13] or looked at related cost functions [14] . However, the MAC protocol currently designed by SPEED-5G project goes beyond that and will support multi-RAT resource allocation both in licensed and unlicensed/lightly-licensed bands.
The eDSA concept defined by SPEED-5G is a combination of two main drivers: a) heterogeneous resource management for inter-RAT cooperation and b) tight integration of advanced and flexible physical layer. Both enable harvesting and aggregating fragmented spectrum with a smart access control designed to mitigate the interference in shared spectrum. From a MAC perspective, the first feature requires strong integration with advanced resource management and control of heterogeneous systems so that traffic offload is efficient while ensuring a satisfying QoE and protection of incumbent users in the case of shared spectrum. The second feature is designed to mitigate the interference in shared spectrum by aggregating fragmented spectrum with a smart access control. It exploits the relaxed constraints on orthogonality, synchronization and the low interference leakage of the Filter-Bank Multi Carrier (FBMC) modulation, which is a promising candidate under consideration for the physical layer of 5G systems. The shift from Orthogonal Frequency Division Multiplexing to FBMC will require an important part of the work at MAC layer. The foreseen MAC includes several different MAC entities that provide features that are RAT-dependent, e.g. the schedu ling process for resource allocation and the Hybrid Automatic Repeat Request (HARQ) management. The MAC includes the capability to have a specific scheduler per RAT. Fig. 5 illustrates this, depicting only one of the supported schedulers (i.e. scheduler RAT n). Triggered by resource management and control decisions a specific RAT will be selected.
V.
CONCLUSIONS
This paper describes and analyses requirements and KPIs of four key 5G use cases to be supported by a novel proposed 5G system architecture, highlighted at the eMBB use case. The foundations of such architecture are based on the Network Slicing paradigm using SDNINFV technologies, which enables highly flexible, scalable, agile and backwards compatible novel 5G network architecture, allowing an enhanced QoS provision and a capacity expansion enabled through eDSA techniques for 5G. Finally this paper provides a novel MAC layer able to support a seamless multi-RAT operation, where eDSA techniques are applied in order to increase the traffic volume while enhancing the QoE of the different users of the system.
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This paper reports work in progress and further work is still required and is being performed on multiple areas. For instance, new RRM algorithms are required to coordinate and control new MAC layer functions depending on regulatory aspects related with the different available spectrum bands, UE capabilities or the specific network service. The new MAC should support the execution of algorithms for optimal use of the available spectrum, deciding when orthogonal or non orthogonal medium access is used depending on the use case, network slice and frequency band. Those algorithms will also help deciding how the resources are split and managed across heterogeneous access technologies using unlicensed, licensed and license shared spectrum schemes, or configuring the frames for novel sensing procedures, thus improving the system performance using the same available resources.
